T HE TWO PHASES of perennial grass establishment are seed germination and emergence, and the development of the adventitious root system (Newman and Moser, 1988) . Lack of successful establishment of perennial forage grasses such as switchgrass has been attributed to inadequate moisture, weed competition, and low seedling vigor. Breeding programs have been conducted to improve grass establishment by improving seedling vigor through selecting for heavier seed. Kneebone (1972) reported that within a grass species, heavy seed has a higher germination rate (Kneebone and Cremer, 1955; Rogler, 1954; Tossell, 1960) and seedlings have greater emergence (Kneebone and Cremer, 1955; Rogler, 1954; Tossell, 1960) and more rapid growth after emergence (Kneebone and Cremer, 1955; Tossell, 1960; Trupp and Carlson, 1967) than with light seed. Recent work on switchgrass also has shown that heavy seed has a higher germination rate and seedlings have greater emergence and faster growth rates than light seed (Aiken and Springer, 1995; Green and Bransby, 1995) .
Most investigations evaluating seedling growth in perennial grasses have been conducted in growth chambers or greenhouses, with seedling growth characteristics measured over a short period of time during the seedling emergence phase. Field studies with annual grain crops such as corn (Zea mays L.) and wheat (Triticum aestivum L.) have shown no relationship between seed size and grain yield (Graven and Carter, 1990; Hunter and Kannenberg, 1972; Douglas et al., 1994) . Little research has been conducted relating seed size to the adventitious root development phase of grass seedling establishment. With cool-season grasses, heavy seed planted in Washington rangeland showed greater emergence in 3 wk than did lighter seed, but stand establishment, percentage survival, and second-year forage production per plant were not affected (Kittock and Patterson, 1962) . In addition, Kittock and Patterson concluded that the higher seedling vigor from heavy seed was only short-lived and that moisture stress tended to equalize the growth from seed of different sizes. Formation of adventitous roots is critical to seedling survival (Hyder et al., 1971; Newman and Moser, 1988; Ries and Svejcar, 1991) and depends on adequate soil surface moisture (Newman and Moser, 1988; Wilson and Briske, 1979) . Our objective was to determine the effect of heavy seed (HS) and light seed (LS) on seedling development during the establishment phase (transition from primary root development to adventitious root formation) of switchgrass grown in the field.
MATERIALS AND METHODS
This study was conducted in 1995 at the University of Nebraska Havelock Farm in Lincoln, NE, and in 1996 at the East Campus of the University. of Nebraska-Lincoln. The soil for both sites was a Kennebec silt loam (fine-silty, mixed, superactive, mesic Cumulic Hapludolls). Rainfall and temperature were obtained within 1 km of each set of plots from monitoring stations of the University's Institute of Agriculture and Natural Resources. The field was moldboard plowed in the fall and the seedbed was prepared in May of both years with a spring-tooth harrow. Weeds were controlled by a single preemergence herbicide application of atrazine [6-chloro-Nethyl-N'-(l-methylethyl)-1,3,5-triazine-2,4-diamine] at 2.24 kg ha-' after planting and hand-weeding when necessary.
The experimental design was a randomized complete block with four replicates. Treatments were arranged in factorial combinations of two seed sizes (HS and LS), two switchgrass cultivars (Blackwell and Trailblazer), and two seedlots within Abbreviations: HS, heavy seed; LS, light seed; MSCR, mean stage count root; MSCS, mean stage count shoot. each cultivar. The experimental unit was two 12-m-long rows seeded to a single cultivar-seedlot-seed size combination. A sampling unit was a group of 20 consecutive seedlings excsvated from the experimental unit. A 5-g sample of seed was separated into heavy and light seed (Table 1 ) using a South Dakota Seedblower (E.L. Erickson Products, Brookings, SD). This process was repeated until enough seed was collected to plant each row. A germination trial (Table 1) was conducted for 3 wk on the seed to adjust seedlots to the same proportion of pure live seed. The germination chamber was set for alternating temperatures of 20°C for 16 h (dark) and 30°C for 8 h (light). Areas to be planted were hand-raked to smooth the surface and remove large clods. The areas were planted with a single-row, precision grass-seed cone planter (Kincaid Equipment Manufacturing, Haven, KS) to a depth of 0.6 to 1.3 cm at 100 pure live seed per meter of row on 31 May 1995 and 6 May 1996. Row spacing between treatments was 0.75 m. Rows were divided into 3-m sections and randomly assigned to four sampling dates. The first sampling date occurred when seedlings were distinguishable in a row, and sampling continued every 2 wk until 8 to 10 wk after planting. Twenty seedlings from each plot were excavated to a depth of 20 cm with a spade. Most of the soil was gently removed from the roots in the field, leaving the roots intact. Roots were washed in the lab to remove any remaining soil. Nearly all root mass was recovered with this technique. Samples were then stored in plastic bags at 5°C until morphological staging was done and plant component weights were determined. Seedling morphology was quantified as to mean stage count root (MSCR) and mean stage count shoot (MSCS), using the index developed by Moser et al. (1993) (Table 2 ). Mean stage count equals the growth stage index value multiplied by the number of seedlings in that stage and summed over all stages from 1 to 8 and divided by the total number of seedlings. Additionally, leaf area, shoot dry weight, and adventitious root dry weight were measured to quantify seedling development. Leaf area was measured on the 20-seedling sample by removing the leaf blades at the collar and putting the blades through a LI-3000 portable area meter (LI-COR, Lincoln, NE). Analysis of variance (SAS, 1985) was performed on all variables within a common sampling date, and means were separated using Fisher's protected least significant difference at a = 0.05 (Steel and Torrie, 1980) .
RESULTS AND DISCUSSION
Germination was greater for heavy than for light seed (Table I) , which agrees with previous work (Aiken and Springer, 1995; Green and Bransby, 1995; Kneebone and Cremer, 1955: Rogler, 1954; Tossell, 1960) . In 1995, rainfall was concentrated in May and early June with less precipitation occurring in the remaining summer months (Fig. 1) . Rainfall was more evenly distributed in 1996. Temperature was similar for both years, except for a warm period in mid-May 1996. These weather differences, combined with the earlier planting date and different location in 1996, produced seedlings with at least 10 times more biomass in 1996 than in 1995 ( Fig.  2 and 3 ).
Shoot Development
There were no significant interactions of seed size with cultivar or seedlot, nor was there a significant cultivar and seed lot effect at any sampling date for MSCS, leaf area, and shoot weight. There was a year X seed size interaction for MSCS, leaf area, and shoot weight at one or more of the sampling dates (Table 3 ). The HS seedlings had a higher MSCS than LS seedlings early in the growing season, but were similar at the end of 8 wk (Fig. 2) . Leaf area was much less in 1995 than in 1996, although the trend for leaf area accumulation through the growing season was similar for both years. In both years, HS seedlings had more leaf area through the first three sampling dates but were similar to LS seedlings at the fourth sampling date (Fig. 2) . Shoot weight showed the same response as did leaf area for both years and seed sizes (Fig. 2) . These results indicate that there was no advantage in greater early leaf area, shoot weight, or advanced morphological development for seedling establishment. In corn, small and large seed produced similar yields and vegetative biomass at the end of the growing season (Graven and Carter, 1990; Hunter and Kannenberg, 1972) . Early in the growing season, corn plant height was slightly less for small-seed vs. large-seed plants (Hunter and Kannenberg, 1972) . In wheat, small and large seed sizes produced plants with similar early season growth and grain yield (Douglas et al., 1994) .
Root Development
There were no significant interactions of seed size with cultivar or seedlot, nor a significant cultivar and seed lot effect for MSCR and adventitious root weight. There was a significant year X seed size interaction for adventitious root weight at one or more of the sampling dates, but not for MSCR (Table 3) . Mean stage count root was higher for HS seedlings in the middle two dates but was the same for both seed sizes for the first and last sampling dates (Fig. 3) . Root stage for HS and LS seedlings was similar at the first sampling date in both years, because the first index value for MSCR corresponds to the radicle emergence and primary root formation. Differences in MSCR between HS and LS seedlings occurred at later sampling dates because HS seedlings developed adventitious roots more quickly. Biomass production of adventitious roots was greater in 1996 than in 1995. Adventitious root weight in 1995 was similar for both seed sizes at all sampling dates (Fig. 3) . Apparently, LS seedlings had fewer but longer adventitious roots than HS seedlings at the middle sampling dates. The midsummer of 1995 was dry. Since adequate soil surface moisture must be available for adventitious root formation (Newman and Moser, 1988) for 3 to 5 d (Hyder et al., 1971; McGinnies, 1973; Wilson and Briske, 1979) , frequent light rains may have favored adventitious root formation; however, when a discontinuity of soil moisture existed between the surface moisture and moisture deeper in the soil, newly initiated adventitious roots did not grow much after initiation because they came in contact with dry soil. Although HS seedlings had more adventitious roots than LS seedlings, only the earliest adventitious roots from both HS and LS seedlings penetrated sufficiently to obtain moisture deeper in the soil profile. The later-formed adventitious roots from the HS seedlings, which had a higher MSCR than LS seedlings, apparently were not able to grow because of a dry soil layer beneath the soil surface and, therefore, did not contribute to the total root weight. This agrees with the conclusion that a few long adventitious roots that reach subsurface soil moisture are needed to successfully establish a warm-season grass (Ries and Svejcar, 1991) . In 1996, HS seedlings had higher adventitious root weight than LS seedlings for the second and third sampling dates but were similar at the last sampling date. Since moisture was greater and more uniformly distributed in midsummer of 1996, laterformed adventitious roots of HS seedlings continued to grow and significantly contributed to the total root weight.
Differences in emergence and biomass production of switchgrass seedlings observed by others (Aiken and Springer, 1995; Green and Bransby, 1995; Kneebone and Cremer, 1955) were apparent only between the extreme seed size classes and were observed for only a short period of time (<30 d). Very small seed (<0.1 g 100 seed-') from switchgrass cultivars had germination rates of less than 10% (Aiken and Springer, 1995) , which suggests that extremely light seed would not contribute significantly to stand establishment. Our seed sizes (0.13-0.21 g 100 s e e d ' , similar to those reported above) appeared to produce only slight differences in seedling development after seedling emergence. By 8 to 10 wk after emergence, growth and development of LS seedlings were similar to HS seedlings. Heavier seed seemed to affect the transition phase from primary root to adventitGus root formation by increasing the number of adventitious roots, but the advantage to seedling establishment was minimal even when soil moisture appeared to be lacking. Once seedlings formed two or more adventitious roots, seed size no longer affected establishment and growth.
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Conclusion
Heavy seed in switchgrass had greater germination, early shoot growth, and early adventitious root growth than LS seedlings. Since growth and development of HS and LS seedlings were similar by 8 to 10 wk after emergence, we conclude that, once seedlings form two or more adventitious roots, seed size no longer affects establishment and growth. Seed size in switchgrass appears to have a minimal long-term effect on growth and develoment of seedlings.
